Glacier responses to future climate change will affect hydrology at sub-basin scales. The main goal of this study is to assess glaciological and hydrological sensitivities of sub-basins throughout the Hindu Kush-Himalaya region. We use a simple geometrical analysis based on a full glacier inventory and digital elevation model to estimate sub-basin equilibrium-line altitudes (ELAs) from assumptions of steady-state accumulation area ratios. The ELA response to an increase in temperature is expressed as a function of mean annual precipitation, derived from a range of high-altitude studies. Changes in glacier contributions to streamflow in response to increased temperatures are examined for scenarios of both static and adjusted glacier geometries. On average, glacier contributions to streamflow increase by �50% for a +1 K warming based on a static geometry. Large decreases (-60% on average) occur in all basins when glacier geometries are instantaneously adjusted to reflect the new ELA. Finally, we provide estimates of sub-basin glacier response times that suggest a majority of basins will experience declining glacier contributions by 2100.
INTRODUCTION
As water towers in one of the most populated regions of the planet, the mountains of high Asia are integral components of regional water budgets (Immerzeel and others, 2010) , and mountain water resources contribute to agricultural, economic and social stability (Xu and others, 2009 ). The contribution of glaciers to streamflow in the region is of particular interest given that they have been primarily losing mass in recent decades, though there are some localized exceptions (Hewitt, 2005; Bolch and others, 2012; Jacob and others, 2012; Kääb and others, 2012; Gardelle and others, 2013) . Hydrologically, the long-term loss of glaciers will reduce ice-melt contributions during dry and warm seasons, and increase the interannual variability of higherorder streams in glacierized catchments (Baraer and others, 2012) .
The definition of glacier contribution to streamflow is important, and in some studies this is taken to mean the entire contribution of snow and ice melt from glacierized areas. We adopt a narrower definition that includes only meltwater derived from the glacier surface (La Frenierre and Mark, 2014; O'Neel and others, 2014) , which is related to the glacier mass balance. The annual mass balance of a glacier is the difference between annual accumulation and annual ablation, which occurs primarily through surface melt in the HKH region. While glacier contributions to streamflow are greatest in negative balance years, positive balance years will still see a substantial glacier contribution. The hypothetical loss of glaciers thus constitutes a significant change to catchment hydrology, and will result in increased streamflow variability and net reductions in flow (Baraer and others, 2012) .
The long-term effects of decreased glacier cover on streamflows have been estimated primarily through modeling approaches that use calibrated parameters and a suite of climate change scenarios (Lutz and others, 2014) . Scenarios of decadal-scale increases in streamflow in response to climate warming (Immerzeel and others, 2013; Lutz and others, 2014) and overall modest decreases out to the end of the 21st century (Sorg and others, 2012 ) support the hypothesis of 'peak water' in glacierized catchments (Huss and others, 2014) . However, distributed hydrological models require a variety of data for input, calibration and validation, and in many regions of the Hindu Kush-Himalaya (HKH) these data do not exist. Hydrological scenarios must also somehow take into account the transient response of glaciers to climate change (Stahl and Moore, 2006; Marshall and others, 2011; Immerzeel and others, 2012) .
Given the difficulties in modeling the transient response of both glaciers and streamflow to climate change in a datapoor region with extreme topographic complexities, a simpler method to examine glacier and streamflow sensitivities to future climate change is desirable. Conceptually, streamflow responses to future climate warming depend on the current glacier distribution, the sensitivity of glaciers to changes in temperature and precipitation, the relative contribution of glaciers to streamflow, and the future climate pathway. In this study, our objectives are threefold: (1) to define and quantify glaciological and hydrological sensitivities of sub-basins throughout the HKH region, (2) to quantify regional changes in future glacier meltwater production and (3) to provide an approximation of glacier response times and hydrological change.
METHODS AND DATA
Future changes in meltwater contribution depend on the sensitivity of glaciers in a basin to climatic change, and glacier sensitivity to climate change is a function of climatological and glaciological settings. The equilibriumline altitude (ELA) for any glacier defines the elevation where accumulation processes are balanced by ablation processes (Cogley and others, 2011) . Changes in the ELA, due primarily to changes in temperature and precipitation (Kuhn, 1989) , will affect the size of the ablation and accumulation areas, and will subsequently affect the contribution of glacier melt to streamflow for glaciers where melt is a significant ablation process. An increase in mean annual temperature, for example, will produce a rise in the ELA as snowmelt rates increase and snowfall totals decrease due to precipitation phase change.
Glaciological sensitivity
We define a glaciological sensitivity S G (km 2 K À 1 , or % (relative to original ablation area) K À 1 ) as the change in ablation area (dA) for a given change in ELA (dELA):
Of importance here is the designation of the current ELA. On monsoon-type glaciers, the ELA is typically interpolated from surface mass-balance measurements made over a range of elevations (e.g. Wagnon and others, 2013) . End-ofablation-season snowline elevations can be used as a proxy for ELA (Meier, 1962; Rabatel and others, 2005; Shea and others, 2013) , though pervasive cloud cover and simultaneous accumulation and ablation complicate this approach in monsoon-dominated regions (Brun and others, 2014) . Alternatively, a theoretical steady-state ELA (ELA 0 ), that defines the ELA corresponding to net mass balance of zero, can be estimated from glacier area-altitude distributions (Benn and Lemkuhl, 2000) . The ratio between the accumulation area and the total area (accumulation area ratio (AAR)) can be used to estimate a steady-state ELA. AARs of 0.6 have previously been assumed for many Himalayan regions (Porter, 1970; Williams,1983; Burbank and Cheng, 1991; Sharma and Owen,1996; Mehta and others, 2011) , but may be lower for avalanche-fed or debriscovered glaciers (Kulkarni, 1992; Mehta and others, 2011) . Field-based mass-balance measurements at Mera Glacier in the Khumbu region of Nepal indicate an average AAR of 0.58 at Mera Glacier from 2007 to 2013 (Wagnon and others, 2013) . Remotely sensed imagery has also been used to estimate recent AARs that range between 0.30 and 0.76 in different regions of the HKH (Kääb and others, 2012; Gardelle and others, 2013) .
To calculate dA=dELA, glacier hypsometries are first derived for each of the 76 HKH sub-basins using the Bajracharya and Shrestha (2011) glacier inventory and the Shuttle Radar Topography Mission (SRTM V4) gap-filled digital elevation model (DEM) at 90 m resolution (Farr and others, 2007) . Higher-resolution DEMs are available, but not required for a regional-scale analysis. Estimates of ELA 0 are extracted from sub-basin glacier hypsometries using a range of AARs (0.40-0.60; Table 1 ). We then vary ELA 0 in 10 m increments, extract the resultant dA, and estimate dA=dELA within 100 m of ELA 0 . Relations between glaciological sensitivity and characteristic glacier metrics (elevation range, mean slope, mean slope around the ELA, and total area) are explored to identify possible controlling parameters.
The change in glacier area in response to a change in temperature can be expressed as a function of the glaciological sensitivity and the response of the ELA to changes in temperature:
dELA/dT depends primarily on the climatic setting. In general, glaciers in wetter regions have higher rates of mass turnover and experience higher temperatures, and are thus more sensitive to changes in temperature due to increased melt rates and changes in liquid/total precipitation ratios and ablation season lengths (Oerlemans and Fortuin, 1992) .
In the absence of other significant predictors, we derive a function to estimate dELA/dT from mean annual precipitation. We neglect here the possibly significant impact of debris cover on dELA/dT. Our estimate of dELA/dT follows three main steps. Based on a compilation of observations, modeling studies, and paleo-ELA and climate studies from similar high-altitude regions ( Table 2 ; Fig. 1 ), we first derive a function to estimate dELA/dT from mean annual precipitation. To estimate dELA/dT for all HKH sub-basins, mean annual precipitation from the High Asia Refined analysis (HAR) project (Maussion and others, 2014; Fig. 2 ) is then interpolated from 10 km resolution to 200 m resolution. Finally, the 200 m precipitation fields are clipped to the glacierized extents in each sub-basin, and used to estimate a mean dELA/dT.
Hydrological sensitivity
The sub-basin hydrological sensitivity is defined here as the change in glacier melt in response to increased temperature (dM/dT; m K À 1 ). Total ice melt (M) below the ELA is estimated as
where dM/dZ is the mass-balance gradient below ELA 0 , Z is the gridcell elevation, and the summation is over all gridcells where Z < ELA 0 . Field-based and modeled mass-balance gradients reported in previous studies range between -0.4 and -1.5 m w.e. (100 m) À 1 (Fujita and others, 1998; Konz and others, 2006; others, 2007, 2013; Racoviteanu and others, 2013; Shea and others, 2015) . A dM/dZ range of -0.4 to -1.0 m w.e. (100 m) À 1 (Table 1) is used to examine the uncertainty in our approach. More ne gative gradients are from small and lower-elevation glaciers that may not be representative of regional balance gradients.
In response to a change in temperature, we prescribe an increase in ELA that depends on mean annual precipitation over the glaciers in the sub-basin based on our estimates of dELA/dT. The change in ELA implies imbalance in the glacier geometry, and the rate at which a glacier can adapt to this new condition largely determines the hydrological sensitivities. Here we explore two bounding scenarios for basin responses to changes in ELA: (1) a static geometry where the total glacier area is left unchanged, or (2) an adjusted geometry, where the total glacier area is adjusted to reflect the loss of ice at lower elevations. The latter scenario is implemented by assuming that the glacier response to the new ELA is an instantaneous loss of mass and area at the lower elevations. The adjusted glacier hypsometry is calculated by iteratively removing area from the lowest elevations until the prescribed ELA corresponds to that indicated by a steady-state AAR.
This process is outlined in Figure 3 . For the westerlydominated Beas sub-basin of the Indus, the original hypsometry and assumed AAR of 0.5 give an ELA 0 = 5016 m. Based on mean annual precipitation of 1740 mm and an estimated dELA/dT of 164 m K À 1 , a 1 K temperature increase will result in a new ELA of 5180 m. In the static geometry case, the glacier area remains unchanged, and the AAR is now �0.20. In the adjusted geometry case, the lower elevations of the glacier are removed until the AAR returns to 0.5. Figure 3 also demonstrates this for the monsoon-dominated Dudh Koshi sub-basin of the Ganga. Low mean annual precipitation over the glaciers of the Dudh Koshi results in a reduced dELA/dT, and an ELA shift from 5516 m to 5613 m.
In this study the hydrological sensitivity to a +1 K warming is defined as (1) a percent change in total negative mass balance, and (2) a change in specific meltwater production (i.e. the change in meltwater production divided by the total glacierized area in the sub-basin). Both metrics are calculated for static and adjusted glacier geometries, and a range of assumptions about steady-state AAR and massbalance gradient below the ELA are used to examine the effects on future glacier melt.
Glacier response time
To gain insight into the relation between the time period over which a climate change occurs and the actual retreat of a glacier, a first-order estimate of response time is made at the sub-basin scale. This approximation can be used to provide guidance for the lag between increased (2007) 1575 175 Bhutan Isacks and others (1995) in Owen and Benn (2005) ; Wangda and Ohsawa (2006) contributions in response to higher temperatures, and decreased glacier contributions in response to glacier retreat. We approximate the response times of glaciers in the region from the modeled thickness and mass-balance rate near the glacier terminus, following a method based on Jóhannesson and others (1989) :
where H 0 (m) is the maximum glacier thickness and _ b a ( _ b a < 0) is a mass-balance rate near the terminus. As ice thicknesses and terminus mass-balance rates are unknown, we test a range of modeled ice thicknesses and use a mean mass-balance rate below the ELA based on a regional geodetic study (Gardelle and others, 2013) . Ice thicknesses are approximated for each sub-basin with a surface slope inversion and assumed basal shear stress (Immerzeel and others, 2012; Shea and others, 2015) :
where � 0 is the assumed equilibrium shear stress (80 000 N m À 2 ), � is ice density (917 kg m À 2 ), g is gravitational acceleration and � is surface slope extracted from the 90 m SRTM DEM. Neglecting advection of ice from upper elevations, we assume that annual surface mass loss rates near the terminus are -1.5 � 0.5 m w.e. a À 1 . This rate is based on the average surface lowering rates observed below the ELA in nine subregions of the HKH (cf. Gardelle and others, 2013, fig. 11 ). Basin-scale response times are then approximated from Eqn (5) with a range of values for H 0 based on the 10th, 50th and 90th percentiles of modeled ice depths below the hypsometry-derived ELA 0 (AAR = 0.5).
Our methods to generate first-order estimates of glaciological and hydrological responses at the sub-basin scale are limited by a number of necessary assumptions and generalizations. This approach is not expected to perform well at the scale of individual glaciers, but provides an important regional overview of future responses to climate change.
RESULTS

Glaciological sensitivity
High glaciological sensitivities indicate that the calculated ELA corresponds to a region with a proportionally large surface area. A small change in ELA will thus result in a large change in ablation area. Absolute increases in ablation areas (dA/dELA; km 2 (100 m) À 1 ) are greatest in the heavily glacierized catchments of the Upper Indus basin (Fig. 4) , while the relative sensitivity (dA/dELA; % (100 m) À 1 ) shows greater spatial variability. The greatest relative sensitivities of �20% (100 m) À 1 are observed on the northern side of the eastern Himalaya, and lower values are observed in the monsoon-dominated catchments.
At the sub-basin scale, glaciological sensitivity appears to be related primarily to the elevation range of glaciers in a given catchment (Fig. 5a ). Sensitivities are also greatest for catchments with smaller glacierized areas (Fig. 5b) . Mean glacier slope, calculated over all glacierized areas (Fig. 5c ) and around the ELA (Fig. 5d ), exhibits no strong relation with dA/dELA, though this is likely related to the aggregation of glaciers to the sub-basin scale. Large elevation ranges are an outcome of strong topographical relief and high accumulation rates that result in extensive glacier cover. In such climatic and topographic settings, changes in ablation area will be relatively insensitive to increases in ELA.
Our estimates of dA/dELA are subject to uncertainty due to the assumption of steady-state AAR (Fig. 6) . The median sensitivity calculated for each basin changes �1-2% depending on the AAR value used to estimate ELA 0 ; however, the maxima and minima can vary between 5% and 10%. There is no clear pattern as to whether a different AAR assumption increases or decreases the glaciological sensitivity.
Hydrological sensitivity Static geometry
The assumption of a static glacier geometry would result in substantial increases in glacier melt for a 1 K warming (Fig. 7) . With middle-of-the-road assumptions about AAR (0.5) and dM/dZ (-0.007 m w.e. m À 1 ), the average increase in meltwater yield is 40-50% K À 1 for the Indus, Ganga and Brahmaputra basins. Some small basins on the Tibetan Plateau and in the Indus would see a doubling of meltwater yield if glacier geometries remain unchanged.
In the static geometry case, the AAR assumption has a direct and systematic effect on the percent increase in glacier meltwater (Fig. 8) . In all basins, the assumption of a larger AAR results in a greater percent increase in meltwater yield. While changes in the average basin meltwater yield are relatively insensitive to the assumed AAR, the maximum change in glacier-derived meltwater can increase by up to 150% depending on the assumed AAR (e.g. Ganga).
In terms of the magnitude of meltwater production increase with static glacier geometries, the assumed mass-balance gradient strongly affects future specific runoff (Fig. 8 ). More negative mass-balance gradients will result in substantial increases in meltwater production, with proportionally larger impacts on maximum sub-basin estimates. In the Indus basin, the average increase in unit meltwater production ranges from 0.30 to 0.76 m w.e. K À 1 for mass-balance gradients of -0.004 to -0.011 m w.e. m À 1 , with an assumed steady-state AAR of 0.5. For the Ganga basin, sub-basin estimates of unit dM/dT range from 0.33 to 0.81 m w.e. K À 1 , and for the Brahmaputra the range is from 0.24 to 0.59 m w.e. K À 1 . For each basin, the maximum increase in unit meltwater production nearly doubles with each -0.003 decrease in dM/dZ.
Adjusted geometry
With instantaneous adjustments in glacier geometry in response to a +1 K warming, glacier runoff contributions decline in nearly all cases (Fig. 9) . With AAR = 0.5 and dM=dZ ¼ À 0:007 m w.e. m À 1 , mean glacier meltwater reductions in response to +1 K warming are greatest in the Indus River sub-basins, which show an average reduction of -64%, and a range between -14% and -86%. The Ganga and Brahmaputra sub-basins could see mean glacier meltwater reductions of -58% (-27% to -90%) and -57% (+14% to -87%), respectively. The lone sub-basin in the Brahmaputra that shows an increase in meltwater has a small glacierized area and atypical hypsometry.
With adjusted glacier geometries, the AAR assumption affects our estimates of glacier meltwater change (Fig. 10) , but this effect is not systematic as observed for the static geometry case above. In some basins, lower estimates of AAR result in greater reductions in melt (e.g. Indus). For the Ganges, the mean reduction in meltwater is lowest when AAR = 0.5.
The assumed mass-balance gradient has a large impact on specific glacier runoff when the glacier geometry is fully adjusted (Fig. 10) . In all cases, a more negative massbalance gradient results in (1) greater adjustments to the glacier geometry and (2) greater reductions in the specific meltwater production. The greatest reductions in specific meltwater production are observed in the Indus and Ganga basins, with average (maximum) decreases between -0.4 (-0.75) and -1.0 (-2.0) m w.e.
Response times
While glacier mass balance responds directly to interannual climate variability, the geometric response (length, area) of glaciers to climate change will occur on timescales ranging Fig. 7 . Percent change in glacier melt for +1 K temperature increase (dM/dT) in HKH sub-basins, estimated using AAR = 0.5, static glacier geometries, and a mass-balance gradient of -0.007 m w.e. m À 1 . Inset graph shows basin boxplots of dM/dT. Fig. 6 . Boxplots of calculated dA/dELA and sensitivity of steady-state AAR assumptions for the sub-basins in each major river basin. AAR = 0.4 is given in dark gray (left), AAR = 0.5 in medium gray (middle) and AAR = 0.6 in light gray (right) for each basin. No statistics are given for the Irrawaddy, which has only one glacierized sub-basin. from decades to centuries. To place our bounding scenarios of static geometry and instantaneous glacier change in context, we develop first-order estimates of glacier response times at the sub-basin scale. A glacier response time is defined as the e-folding timescale for a glacier to move from one steady state to another in response to an imposed step change in climate (Cogley and others, 2011) .
At the sub-basin scale, glacier response times vary greatly depending on the input data (Fig. 11) , and we caution that our estimates here are to be used only for guidance. With a low estimate of glacier thickness (10th percentile), mean response times vary from 11 � 3 to 12 � 4 years ( Table 3) . The error terms reported here are the standard deviations among all sub-basins, based on the rough approximations of Fig. 9 . Percent change in glacier melt for +1 K temperature increase (dM/dT) in HKH sub-basins, estimated using AAR = 0.5, adjusted glacier geometries and a mass-balance gradient of -0.007 m w.e. m À 1 . Inset graph shows basin boxplots of dM/dT. Glacier melt is reduced in (nearly) all cases. Fig. 8 . Boxplots of hydrological sensitivities to AAR and mass-balance gradient with static glacier geometry. (a) Sensitivity of percent change in glacier contribution (% K À 1 ) to assumptions of steady-state AAR, for +1 K increase in temperature (assumed dM/dZ = -0.007 m w.e. m À 1 ). (b) Sensitivity of specific glacier meltwater production (m w.e. m À 1 ) to mass-balance gradient (assumed AAR = 0.5). mass change rates near the terminus (Gardelle and others, 2013) . Response times calculated using a median modeled thickness range between 18 � 5 and 31 � 14 years. More conservative estimates of response time, based on the 90th percentile of modeled glacier thickness, give a range between 36 � 10 and 95 � 52 years. Approximated response times are greatest in the Indus basin, and lowest in the Irrawaddy.
When compared with potential conservative rates of warming (+1 K by 2050, or +1 K by 2100), the response times give an approximation of sub-basins that might be experiencing increased or reduced streamflows (Table 3) . Using the most conservative estimate of T R based on 90th percentile of modeled ice depths, we find that most subbasins will still be experiencing increased glacier contributions at 2050. However, by 2100 at least half and potentially all of the sub-basins in the region could see reduced glacier contributions. As distributed modeling studies have found (e.g. Immerzeel and others, 2013; Lutz and others, 2014) , glacier contributions to streamflow start to decline in the second half of the 21st century. Using our simple geometrical approach we arrive at a similar conclusion.
DISCUSSION AND CONCLUSIONS
Water resources in the HKH region are derived from precipitation, snowmelt and glacier melt. Through a broad analysis that incorporates current glacier distributions and assumptions about (1) steady-state AAR, (2) mass-balance gradients and (3) the ELA responses to temperature change, we analyse the sensitivity of glaciers and glacier contributions to streamflow at the sub-basin scale. Glaciers will Fig. 11 . Boxplots of approximated glacier response times. For each basin the range of sub-basin T R is shown, calculated with (left) the 10th percentile of modeled ice depth, (middle) the median and (right) the 90th percentile. The range includes variability due to our estimate of mass loss near the terminus (-1.5 � 0.5 m a À 1 ). Fig. 10 . Boxplots of hydrological sensitivities to AAR and mass-balance gradient with adjusted glacier geometry. (a) Sensitivity of percent change in glacier contribution to assumptions of steady-state AAR, for +1 K increase in temperature (assumed dM/dZ = -0.007 m w.e. m À 1 ). (b) Sensitivity of specific glacier meltwater production to mass-balance gradient (assumed AAR = 0.5).
produce increased runoff in response to increased temperatures, with a +1 K warming producing up to 200% increases in ice melt in some cases. However, increased ice mass loss will lead to changes in glacier area and volume, and reductions in ice melt. It is unclear how quickly basins will move towards peak water and onward to reduced flows, but our approximations of glacier response times suggest that most basins will see reduced glacier contributions to streamflow by 2100. Such reductions in glacier runoff will be particularly important in basins where glacier-derived meltwater is a critical source of streamflow during dry periods.
Previous studies examining hydrological responses to glacier change have either neglected the glacier response (Fukushima and others, 1991; Singh and Bengtsson, 2004) , used volume-area scaling approaches (Van de Wal and Wild, 2001; Stahl and others, 2008; Bliss and others, 2014) to adjust glacier extents, or have used simplified models of glacier dynamics to account for glacier change (Lutz and others, 2014) . The assumption of no glacier change results in greater modeled discharges with increased temperatures, as our study also demonstrates (Fig. 8) . Higher-complexity approaches to modeling the effects of increased temperatures on glaciers are limited by the availability of input data, and volume-area scaling approaches are subject to considerable uncertainty (Radić and Hock, 2010) . Our approach provides an alternate method by placing bounds on the glaciological and thus hydrological responses.
Our methods to estimate glaciological and hydrological sensitivity rely on a number of assumptions, which we examine below. First, our approach aggregates glaciers to the sub-basin scale, while the response of individual glaciers will be based on local slope, aspect, topography and debris cover (Anderson, 2012) . Debris cover, in particular, acts to reduce the mass-balance sensitivity, and basins with higher concentrations of debris-covered glaciers might be expected to have a reduced dELA/dT sensitivity. Debris-cover extents and thicknesses are largely unknown in the HKH, and these factors would be key to quantifying the reduced dELA/dT sensitivity. Currently, it is unclear how to incorporate debris cover into our regional-scale analysis, and an understanding of the impacts of glacier change for downstream water resources requires an aggregated approach.
Second, our scenarios of either (1) static geometry or (2) instantaneous fully adjusted geometry are both incorrect, and are intended to represent upper and lower bounds on the glaciological and hydrological changes. In reality, the response of glacier geometry to increased melt will be complex and time-varying, and different for individual glaciers. Our estimated response times vary greatly depending on the methods used, but are instructive for assessing which basins will see rapid adjustments to warming, and which will reach peak water at later dates.
Third, our analysis rests upon the assumed relation between dELA/dT and mean annual precipitation. Three of the studies used are based on reconstructed ELAs and assumed temperature changes, which are subject to errors related to the propagation of age uncertainties. There are, furthermore, a number of different methods for estimating paleo-ELAs (Benn and Lemkuhl, 2000) , and the precipitation values assigned to each data point in Figure 1 are uncertain. Consequently, there exists a large range of possible parameter values for the function that relates dELA/dT and mean annual precipitation. Nevertheless, the relation between mean annual precipitation and dELA/dT is derived primarily from high-altitude sites where the climatic differences are relatively small. A greater range of observational and/or modeling studies to constrain the parameter values in this function would lend greater confidence to the approach we have used.
The derived relationship between dELA/dT and mean annual precipitation (Fig. 1) is consistent with the observation of Oerlemans and Fortuin (1992) that glaciers in wetter climates are more sensitive to temperature changes. Mass-balance gradients are also steeper in wetter regions due to the generally higher temperatures that lead to higher rates of mass turnover (e.g. Raper and Braithwaite, 2006) . Global glacier mass-balance models further suggest that glaciers in maritime regions (e.g. Scandinavia and New Zealand) tend to have a greater sensitivity to temperature changes (Marzeion and others, 2012; Radić and others, 2014) .
Fourth, we examine the uncertainty in our approach based on AAR and dM/dZ assumptions, but we do not consider the effects of debris cover or avalanche nourishment on glacier response. We also do not consider future changes in precipitation. Climate models show uncertainty in both the sign and magnitude of projected precipitation changes in the region, which reflects the uncertainty of monsoon responses to climate change.
Finally, our estimates of response times are highly uncertain, and are intended to be used for guidance only. The response times of individual glaciers will be highly variable, and it is not clear that the approach of Jóhannesson and others (1989) can be adapted for all glaciers in a sub-basin. There are also alternative approximations of ice depth (e.g. Huss and Farinotti, 2012) that may give improved responsetime estimates, but as these are linked to specific glaciers in the Randolph Glacier Inventory (Pfeffer and others, 2014) they were not compatible with the sub-basin approach we used here. Neither method for estimating ice thickness can be validated in this data-poor region, and the gridded method used here was adapted easily for our study. We have Table 3 . Response times approximated from modeled ice thicknesses below the ELA (10th, 50th and 90th percentiles) and terminus melt rates of -1.5 � 0.5 m w.e. a À 1 . Also shown are the percentage of sub-basins where glaciers might be fully adjusted, i.e. where T R is <35 years (+1 K warming at 2050), and <85 years (+1 K at 2100) provided a range of response time estimates, and suggest that the 90th percentile of modeled ice depths gives the most reasonable (and conservative) estimate of response times. At the regional scale, our approach indicates that initial increases in glacier contributions to streamflow will occur across the region in response to increased temperatures. However, a majority of sub-basins in the HKH region will see declines in glacier contributions to streamflow as a result of sustained warming, and this key result is consistent with distributed modeling approaches (Immerzeel and others, 2012; Lutz and others, 2014) . These declines will likely occur on decadal to century timescales, and will impact water availability in basins where glacier contributions to streamflow are critical.
